systems. 2 As a result, the total voltage required to drive the reaction 3 is in the range from 1.6 to 2.0 V. There are several ways to achieve this voltage using semiconductor materials. To achieve a feasible design, the proposed device should use relatively stable and cheap material. Moreover, a recent study suggests that multijunction devices are preferred to achieve high efficiencies for water splitting applications. A material that combines these advantages is silicon. A possible approach to achieve the high voltages needed using silicon could be a novel multijunction consisting of a hybrid device that combines wafer (W) and thin-film (TF) silicon technologies. This concept has already been proven to be able to achieve high open circuit voltages and short circuit current densities in double junctions. 4 In the case of water splitting, an a-Si:H (TF)/nc-Si:H (TF)/c-Si(W) triple junction device has been proposed for solar water splitting, with a potential to achieve solar-to-hydrogen (STH) efficiencies 5 of about 9%. This approach is further explored in this paper.
The proposed hybrid device can provide high enough voltages for solar water splitting, with a considerable increase in current density due to better spectral utilization. However, there are also areas of optimization, including the tunneling recombination junctions (TRJ), the growth of high quality absorber layers on flat and textured surfaces, and the light management strategies. 6, 7 This paper first analyses the TRJs between the different subcells, which were deposited on flat surface configuration to better recognize the electrical effects. A TRJ junction is expected to increase recombination from both sides of the junction to ensure current continuity. To achieve high recombination in a TRJ, the band alignment should be such that the conduction band of the n-side has an energy close to the p-side valence band to enhance tunneling. Water splitting applications are particularly sensitive
to the values of open-circuit voltage (V oc ) and fill factor (FF), in whichTRJs play a crucial role. The junction between the a-Si:H cell and the nc-Si:H cell have been previously studied. [8] [9] [10] However, the junction between the nc-Si:H cell and the silicon heterojunction (SHJ) cell is relatively unexplored. 11, 12 Moreover, in order to improve the current density of the multijunction solar cell, light management techniques need to be implemented. First, conventional texturing of the crystalline silicon substrate was considered in order to increase the light absorption within the cell, exploring its light trapping capabilities and the adhesion, crystallinity, and material quality of the nc-Si:H absorber layer. Second, these multijunction cells tend to be limited by the middle cell, mainly due to the overlapping absorption between the top and middle cell. This paper explores the use of an alternative high bandgap top absorber, optimizing the current matching of the cells. However, many light management techniques tend to negatively affect the electrical and material properties of the cell. Therefore, a trade-off is established between optical and electrical performance. This paper aims to establish a balance between these two parameters in order to achieve high STH efficiencies.
The final device was tested by directly connecting this cell to a Pt/IrO x electrolyser to assess its suitability for water splitting applications.
| METHODS
The multijunction cell proposed is shown in Figure 1 . The optimization process is divided in two main tasks. First, electrical properties were optimized by studying the different interfaces in the device. Secondly, the light management strategies were considered.
| Synthesis methods
The device structure consists on an a-Si:H/nc-Si:H/c-Si triple junction, as shown in Figure 1 , where the c-Si subcell has the structure of a SHJ cell. The substrate consisted of a flat c-Si Topsil n-type <111> FZ W of approximately 280 μm, which was cleaned using a sequence of 99% HNO 3 at room temperature for 10 minutes, 69.5% HNO 3 at 100°C for 10 minutes, and 0.55% HF at room temperature for 75 seconds, with an intermediate step of deionized (DI) water after each acid step.
All the thin film silicon layers were deposited using a plasma enhanced chemical vapor deposition (PECVD) multichamber system. Silane (SiH 4 ), hydrogen (H 2 ), carbon dioxide (CO 2 ), phosphine (PH 3 ), and diborane (B 2 H 6 ) were used as precursor gases. First, two intrinsic a-Si:H layers of 7 nm were deposited on both sides of the Ws. Subsequently, 7 nm p-a-Si:H and n-a-Si:H layers were deposited on each side of the W.
Then, the micromorph cell was deposited following an n-i-p sequence.
The n-layer of the middle cell consisted of 30 nm of phosphorous FIGURE 1 Schematic of the solar cell configuration when used for solar water splitting applications regarding supporting layers, the dark blue layers represent the p-doped layers, the yellow layers are associated to the n-doped layers, the red layers are the intrinsic amorphous silicon layer used for passivation, and the purple layer represents the different TRJs tested [Colour figure can be viewed at wileyonlinelibrary.com] . The cells have been deposited in an n-i-p configuration, but are illuminated in a p-i-n sequence.
| Characterization methods
The external quantum efficiency (EQE), defined as the percentage of photons reaching the device surface that result in collected charge carriers, was measured to further understand the current matching between the three subcells. An in-house EQE setup in TU Delft, the 
| RESULTS AND DISCUSSION
The first step towards fabricating the proposed hybrid triple junction is to perform an electrical optimization. First, in order to assess the viability of the proposed configuration, the three separate single junctions were fabricated on a flat substrate, with the external parameters shown in Table 1 challenges of TRJs. The chosen approach consisted of using highly doped n-layer and p-layer (ie, n + and p + , respectively) on the middle and bottom subcells, respectively. This improves tunneling by placing the conduction and valence band closer. 12 It must be noted that the highly doped p-layer cell includes a thicker (i)a-Si:H passivating layer for the SHJ subcell in order to avoid boron atom migration to the c-Si surface, and the subsequent loss in c-Si passivation. 12 Figure 2 shows the effects of including a higher p-doped and n-doped layers next to the junction. Both for the case of higher dopant concentration in the p-layer and n-layer, the performance is improved, as shown in Table 1 and Figure 2 . The V oc is higher when using highly doped layers. However, the FF is lower for the p + case compared with the n + case, indicating the introduction of high series resistance in the cell due to the thicker a-Si:H layer. The best results were obtained using higher doping in the n-layer of the nc-Si:H subcell, which does not introduce any additional resistances in the system, and at the same time, increases tunneling at the recombination interface. This can also be seen in the Figure 3 and Table 1 . To further improve the efficiency, the limiting parameters must be identified. Since the V oc and FF achieved are relatively close to the theoretically possible values as compared with the fabricated single junction cells (see Table 1 ), other strategies must be considered. An important factor when improving this cell is the light management. Looking at the J sc values in Table 1 The open circuit voltage achieved when including the p-bilayer at the front is 2.03 V. This strategy also increases the series and shunt resistances, resulting in a similar FF of 0.64 and a PV conversion efficiency of 10.47%. Interestingly, looking at the EQE measurements in Figure 3 and Table 1 Table 1 , a great current mismatch can be observed, with the middle cell being the limiting factor. This suggests that further light management techniques are needed to achieve current matching and higher spectral utilization.
One of the most challenging aspects of building this multijunction cell is the growth of the nc-Si:H subcell. This material does not grow well on flat surfaces because of internal stresses leading to cracks and poor adhesion to the substrate. 6, 17, 18 This study explores how texture can affect the performance of the triple junction cells.
When comparing the performance of the cells deposited on textured and flat substrates, there seems to be a trade-off between the current density, the open circuit voltage, and the FF, as shown in Figure 4 . The textured cells are able to achieve better current densities due to better light management, especially in the blue wavelength range, as seen in the EQE in Figure 4 . In addition, the reflectance is significantly reduced for both short and long wavelengths, and the short circuit current achieved by the textured W is 9.25 mA/cm 2 , as opposed to the 8.28 mA/cm 2 obtained by the flat device. Finally, the adhesion of the cells to the crystalline silicon W that acts as a substrate is improved, since the internal stresses in the nc-Si:H layer are reduced. However, there is a significant loss in the V oc and FF when the W is textured, as shown in Figure 4 and Table 1 . In particular, the V oc drops from 1.88 to 1.65 V, and the FF is reduced from 0.64 to only 0.48. This is expected to be because of shunts that appear in the nc-Si:H and a-Si:H structures when the texture features are too sharp. 35 These losses would finally cause a reduction in overall PV conversion efficiency of −2.66% absolute, from 9.98% to 7.32%.
To confirm the effect of the textured W on the nc-Si:H growth, SEM measurements have been performed, as shown in Figure 5 . The top view of the textured samples show much bigger, and sometimes disconnected crystals. This is confirmed when looking at the profile view, where the cracks and shunts in the nc-Si:H layer are clearly visible, as opposed to the smooth and relatively crack-free layer of the flat device. This would explain the low shunt resistance observed for the textured device in Figure 4 . Moreover, the slightly higher series resistance of the textured device could also be related to the big grain boundaries and cracks, which can cause some disconnected areas in the TCO layer. Smoother textures on the c-Si W could result in less cracks, and thus better FF and V oc , as shown by Kirner et al. 19 However, such optimization is work in progress, and thus further experiments in this paper will be performed on a flat device.
To further optimize the cell, the top a-Si:H subcell light absorption needs to be considered. By reducing the light absorption of the top subcell, the middle cell would receive more light, and the multijunction cell would be better current matched. In order to do so, the 150 nm a- (1.65 eV) and high (H) a-Si:H bandgap (1.72 eV) can be seen in Figure 6 and 
| OUTLOOK
This paper presents the development of a hybrid silicon based solar cell for water splitting applications and demonstrates an efficiency of 8.3%. To put these results into context, a brief review of the solar water splitting field is presented. Moreover, the developed device will be compared with the most efficient systems developed.
As already briefly mentioned, the proposed approach is not the only one for solar water splitting. Different materials and configurations can be used besides a silicon multijunction. Some of the most important concepts are depicted in Figure 8 , placed in a scale of a completely monolithically integrated device (A) to a completely decoupled one (E). All of these concepts have their advantages and disadvantages. as PV devices. 41 However, the crucial shortcomings of these structures are the relatively low stability, especially in the presence of water, and the use of lead in the structure. 42 To have a more clear picture of how the different technologies compare, the highest achieved efficiencies both as PV and for hydrogen generation purposes (STH efficiency) have been plotted in Figure 9 .
Although the proposed hybrid device consisting on a a-Si:H/nc-Si:
H/c-Si multijunction presents the lowest efficiency of all the results plotted, it must be noted that we are comparing a new concept with mature technologies such as SHJ or III-V technologies. Nevertheless, the obtained results are still close to the ones achieved for TF multijunctions. Moreover, it must be noted that the concept developed in this paper shows the smallest differences between PV and STH efficiencies, confirming its suitability to be applied for solar water splitting. Finally, it must also be noted that Figure 9 does not show the availability, toxicity, or stability of these materials. If these elements are considered, the developed device can be considered even more suitable for further industrialization since it is based on silicon and is relatively stable when compared with other technologies such as perovskites. To reach such scale, further improvements in the material quality and light trapping strategies must be implemented to reach efficiencies comparable with those presented in Figure 9 .
Finally, a completely decoupled system could be designed (E),
where the working conditions of the PV device do not depend on the EC component due to the DC/DC converter installed in between them. Since all these technologies are relatively mature, a 20.6% STH efficiency was achieved, and a potential of 26.5% was simulated as a theoretical limit. 46 However, it must be noticed that these approaches (E) have an increasing complexity, and thus achieving a similar efficiency with simpler, more compact devices (B, C) can be more costeffective.
FIGURE 9
Comparison of the highest achieved efficiencies both as photovoltaic (PV) and solar-to-hydrogen (STH). (PV data collected from the study of Greem, 43 STH data collected from the studies of Ager and Luo et al 44, 45 [Colour figure can be viewed at wileyonlinelibrary.com]
